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ABSTRACT 
S t a t i c  c rush ing  t e s t s  were conducted on graphi te/epoxy and Kevlar/epoxy 
square cross sec t i on  tubes t o  study the i n f l u e n c e  o f  specimen geometry on t h e  
energy-absorpt ion c a p a b i l i t y  and s c a l a b i l i t y  o f  composite mater ia ls .  
i n s i d e  w id th - to -wa l l  th ickness  (W/t) r a t i o  was determined t o  s i g n i f i c a n t l y  
a f f e c t  t h e  energy-absorpt ion c a p a b i l i t y  of composite ma te r ia l s .  As W / t  r a t i o  
decreases, t h e  energy-absorpt ion capabi 1 i t y  increases non l i nea r l y .  
energy-absorpt ion capabi 1 i t y  o f  Kevlar lepoxy tubes were found t o  be geometri - 
c a l  l y  sca lab le ,  bu t  t h e  energy-absorpt ion c a p a b i l i t y  o f  graphi te/epoxy was no t  
geomet r i  ca l  l y  scalab le.  
The tube 
The 
I NTRODUCTI ON 
Crash energy-absorbi ng s t r u c t u r e  i n  he1 i copters  p r i m a r i l y  cons i s t  o f  
1 andi  ng gear and s u b f l  oor beam s t ruc ture .  
t y p i c a l  l y  cons is t s  o f  a c i r c u l a r  tube s t r u c t u r e .  Considerable data have been 
developed on the  c rush ing  response of c i r c u l a r  tubes, re ference 1-7, t h a t  i s  
d i r e c t l y  a p p l i c a b l e  t o  l and ing  gear s t ruc tu re .  Far l e s s  i s  understood about 
crash energy-absorbing sub f loo r  s t ruc tu re .  Subf loor  beam s t ruc tu res ,  such as 
s i  ne-wave and i n t e g r a l  l y  s t i f f e n e d  beams, t y p i c a l  l y  cons is t  o f  an assembl age 
o f  f l a t  and curved elements. Far ley,  re ference 8, repor ted  t h a t  t he  c rush ing  
response o f  sine-wave and i n t e g r a l l y  s t i f f e n e d  beams resembled t h a t  o f  t h e i r  
c o n s t i t u e n t  elements. The curved sect ions crushed i n  s i m i l a r  modes t o  those 
r e p o r t e d  f o r  c i r c u l a r  cross sec t i on  tubes and t h e  f l a t  sec t ions  o f  beams 
crushed i n  modes s i m i l a r  t o  square cross s e c t i o n  tubes. These r e s u l t s  suggest 
t h a t  a b e t t e r  understanding o f  the  crushing response o f  c i r c u l a r  and square 
cross s e c t i o n  tubes w i l l  p rov ide  i n s i g h t  i n t o  t h e  c rush ing  response and des ign 
of s u b f l o o r  beam s t ruc tu re .  
An energy-absorhi ng 1 anding gear 
Fa r ley ,  re fe rence 6, i nves t i ga ted  t h e  geometr ica l  s c a l a b i l i t y  o f  
g raph i te lepoxy  (Gr/E) and Kevlar lepoxy (K/E) [+45] tubes. 
i n t e r n a l  d iameter - to -wa l l  th ickness  r a t i o  ( D / t )  va r ied  between 1.4 and 125. 
I n  t h a t  study, t ube  
Energy absorp t ion  was found t o  be a decreasing n o n l i n e a r  func t i on  o f  tube D / t  
r a t i o .  Th i s  t rend was cons is ten t  f o r  both G r / E  and K/E ma te r ia l s .  
Thornton and Edwards, re fe rence 3, conducted a study i n v e s t i g a t i n g  t h e  
Although t h e  range o f  t h e  geometr ical  parameters was 
geometr ical  e f f e c t s  on energy abso rp t i on  o f  c i r c u l a r ,  square, and r e c t a n g u l a r  
c ross  s e c t i o n  tubes. 
l a rge ,  t h e  actual  number o f  t e s t  c o n d i t i o n s  was l i m i t e d .  The l i m i t e d  number 
o f  t e s t s  made i t  d i f f i c u l t  t o  p r e c i s e l y  d e f i n e  c e r t a i n  trends. 
f a b r i c a t e d  w i t h  g raph i te ,  Kevlar,  glass, and h y b r i d  combinations o f  these 
re in fo rcements  i n  an epoxy mat r ix .  Tape and f a b r i c  prepregs were u t i l i z e d  t o  
f a b r i c a t e  tubes w i t h  p l y  o r i e n t a t i o n s  o f  Cf451 and [0/90]. I n  t h a t  study, 
Kev la r  and Kevlar h y b r i d  composites were found t o  genera l l y  be u n s u i t a b l e  
energy absorbers because o f  uns tab le  c rush ing  behavior, r e s u l t i n g  i n  l a r g e  
undu la t i ons  i n  the c rush ing  load. These r e s u l t s  a re  i n  c o n t r a s t  w i t h  r e s u l t s  
f o r  c rushab le  beams repor ted  by Far ley ,  reference 8. Fa r ley  found Kev la r  
r e i n f o r c e d  beams t o  c o n s i s t e n t l y  crush i n  a s t a b l e  manner w i thou t  s i g n i f i c a n t  
undu la t i ons  i n  crushing load. The crushed g lass  and g r a p h i t e  tubes o f  r e f e r -  
ence 3 e x h i b i t e d  combined b r i t t l e  f r a c t u r i n g  and lamina bending c rush ing  
modes. Crushing loads o f  t h e  glass and g r a p h i t e  composite tubes were more 
u n i f o r m  than the c rush ing  loads f o r  t h e  Kev la r  r e i n f o r c e d  composite tubes. 
b i l i t y  of Cf451 square cross s e c t i o n  tube specimens f a b r i c a t i o n  from Thornel 
3 0 0 / F i b e r i t e  934 and K e v l a r - 4 9 / F i b e r i t e  934. Four d i f f e r e n t  i n t e r n a l  tube 
w id ths  and th ree  d i f f e r e n t  w a l l  th icknesses  were u t i l i z e d .  These tube 
geometries and mater i  a1 s a re  represent a t  i ve o f  he1 i cop te r  subf 1 oor beam s t  ruc-  
t u r e  app l i ca t i ons .  The c rush ing  mode and energy-absorpt ion c a p a b i l i t y  o f  each 
specimen were recorded, and t h e  r e s u l t s  a re  repo r ted  herein.  
Specimens were 
The present study focuses on t h e  energy-absorpt i  on capabi 1 i t y  and scala- 
MATERIALS AND TEST SPECIMENS 
Prepreg ma te r ia l s  used t o  f a b r i c a t e  specimens inc luded:  Thornel 300/ 
F i b e r i t e  934 (Gr/E) and K e v l a r - 4 9 / F i b e r i t e  934 (K/E). 
tubes were fab r i ca ted  having p l y  o r i e n t a t i o n s  o f  Cf451. 
sent d e t a i l s  o f  tube geometry and p l y  o r i e n t a t i o n s  f o r  t h e  G r / E  and K/E 
ma te r ia l s ,  respec t i ve l y .  F i g u r e  1 dep ic t s  a t y p i c a l  t e s t  specimen. Tubes 
nomina l l y  10.16 cm i n  l eng th  hav ing  i n s i d e  w id ths  o f  1.27 cm, 2.54 cm, 3.81 cm 
and 8.62 cm were tested. The r a t i o  o f  tube i n s i d e  w id th - to -wa l l  t h i ckness  
(W/t) was var ied between 6 and 125 t o  study t h e  e f f e c t s  o f  tube geometry on 
energy-absorption c a p a b i l i t y  and s c a l a b i l i t y .  
Square cross s e c t i o n  
Tables 1 and 2 pre-  
One end of each tube was chamfered, as shown i n  f i g u r e  1, so t h a t  crush- 
i n g  cou ld  be i n i t i a t e d  w i thou t  causing c a t a s t r o p h i c  f a i l u r e  o f  t h e  tube spec i -  
men. Previous tes ts ,  re fe rence 4, showed t h a t  mod i f y ing  t h e  end o f  c i r c u l a r  
c ross  s e c t i o n  tubes g r e a t l y  reduced peak loads w i t h o u t  a f f e c t i n g  t h e  sus ta ined 
c rush ing  1 oad. 
The square cross s e c t i o n  tubes were f a b r i c a t e d  us ing  a t rapped rubber 
mo ld ing  technique. Tubes were f a b r i c a t e d  by wrapping t h e  composite prepreg 
m a t e r i a l  around a metal mandrel. A f l a t  metal p l a t e  was p o s i t i o n e d  on each 
s i d e  o f  t h e  mandrel/prepreg assembly, and sh r ink  t u b i n g  was s l i p p e d  over t h e  
2 
f l a t  p l a t e s  t o  prevent t h e i r  movement. 
" t rapped"  rubber mold and placed i n t o  an oven a t  176°C t o  cure t h e  934 epoxy 
mat ri x. 
Th is  assembly was i n s e r t e d  i n t o  a 
TEST PROCEDURES AND DATA ANALYSIS 
S t a t i c  c rush ing  t e s t s  were performed i n  a 540 kN capac i ty  un i ve rsa l  
h y d r a u l i c  t e s t i n g  machine. Load p la tens were se t  p a r a l l e l  t o  each o ther  p r i o r  
t o  i n i t i a t i o n  o f  t he  tes ts .  
mate ly  0.02 cm/min u n t i l  c rush ing  was i n i t i a t e d  a t  which t ime the  t e s t  machine 
head speed was increased t o  0.08 cm/min. Load and d e f l e c t i o n  o f  t h e  cross-  
head were recorded by an automat ic data a c q u i s i t i o n  system. 
stopped when t h e  tubes had been crushed 5.08 cm, one-hal f  o f  t h e i r  o r i g i n a l  
length.  Three r e p l i c a t e  t e s t s  were performed on each m a t e r i a l  and geometry 
un less otherwise ind ica ted .  
A l l  tubes were compressed a t  a r a t e  o f  approx i -  
Tests were 
S p e c i f i c  susta ined c rush ing  s t ress  was used f o r  comparing t h e  energy- 
abso rp t i on  c a p a b i l i t y  o f  t he  d i f f e r e n t  tubes. S p e c i f i c  susta ined c rush ing  
s t r e s s  i s  de f ined as t h e  susta ined crushing l oad  d i v i d e d  by the  product  o f  
t h e  c ross-sec t iona l  area and dens i t y  of t h e  tube. 
c rush ing  s t ress  i s  used synonymously w i th  energy-absorpt ion f o r  comparison 
purposes. 
The s p e c i f i c  sus ta ined 
CRUSHING PROCESS 
The c rush ing  process o f  b r i t t l e  f i b e r  ( g r a p h i t e  o r  g lass)  re in fo rced 
composite m a t e r i a l s  i s  a c y c l i c  process o f  i n t e r l a m i n a r  cracks t h a t  propagate 
between p l i e s  i n  t h e  crushed reg ion  of t he  tube and form lamina bundles. The 
lamina bundles r e s i s t  t he  app l i ed  l o a d  and buck le when the  app l i ed  load and/or 
t h e  l e n g t h  of t he  lamina bundle reach a c r i t i c a l  value. The bundle w i l l  
f r a c t u r e  o r  bend depending upon t h e  f a i l u r e  s t r a i n  o f  t h e  lamina bundle. T h i s  
c y c l i c  process o f  crack propagat ion and b u c k l i n g  o f  lamina bundles repeats 
i t s e l f .  I f  t h e  f a i l u r e  s t r a i n  o f  t he  m a t r i x  i s  s u f f i c i e n t l y  la rge ,  t h e  
i n t e r l a m i n a r  crack can be suppressed, re ferences 5 and 7. 
cracks a r e  suppressed, the  laminate  may f a i l  c a t a s t r o p h i c a l l y  or  e x h i b i t  a 
l o c a l  f o ld ing -c rush ing  mode s i m i l a r  t o  t h a t  o f  Kev la r  composites. 
I f  a l l  i n t e r l a m i n a r  
Kev la r  r e i n f o r c e d  composites e x h i b i t  a c rush ing  mode s i m i l a r  t o  t h a t  o f  
m e t a l l i c  tubes. I n  the  crushed region o f  t h e  tube, t h e  Kev la r  f i b e r  p l a s t i -  
c a l  l y  
mater 
which 
deforms. I n t e r l a m i n a r  cracks f o r m  ahead o f  t h e  crush reg ion  of t h e  
a l .  The i n t e r l a m i n a r  cracks l o c a l l y  d e s t a b i l i z e  the  lamina bundles, 
p r e c i p i t a t e s  t h e  l o c a l  f o l d i  ng-crushing mode o f  Kev la r  composites. 
RESULTS AND DISCUSSION 
GraphitelEpoxy Tube Specimens 
F igu res  2 and 3 show t h e  energy-absorpt ion c a p a b i l i t y  t r e n d  and t y p i c a l  
c r u s h i n g  c h a r a c t e r i s t i c s  o f  square cross s e c t i o n  G r / E  tubes, respec t i ve l y ,  
3 
w i t h  respect t o  tube W / t  r a t i o .  The energy-absorpt ion t r e n d  i s  non l inear .  
The energy-absorption c a p a b i l i t y  o f  square cross s e c t i o n  tubes i s  l e s s  than 
comparable c i r c u l a r  cross s e c t i o n  tubes, re fe rence 6. These r e s u l t s ,  whether 
p l o t t e d  i n  terms of s i m i l a r  tube i n t e r n a l  w id ths  as i n  f i g u r e  2 o r  s i m i l a r  
w a l l  thicknesses, suggest t h a t  no s i n g l e  n o n l i n e a r  f u n c t i o n  represents t h e  
o v e r a l l  response. 
e f fec ts  o f  W / t  r a t i o  on energy-absorpt ion c a p a b i l i t y  f o r  tubes hav ing  s i m i l a r  
i n t e r n a l  widths o r  w a l l  thicknesses. With respect t o  tubes of s i m i l a r  
i n t e r n a l  widths a t  small  values o f  W / t  energy abso rp t i on  increases w i t h  
i n c r e a s i n g  W / t  u n t i l  a maximum i s  reached. Energy abso rp t i on  then decreases 
n o n l i n e a r l y  as W / t  increases. 
r a t i o s  t h e  tube w i l l  no t  crush and f a i l s  c a t a s t r o p h i c a l l y .  The W / t  r a t i o  
corresponding t o  t he  maximum sustained s t r e s s  increases w i t h  i nc reas ing  tube  
w id th .  
decreases non l i nea r l y  w i t h  i nc reas ing  W / t .  
F i gu re  4 dep ic t s  a f a m i l y  o f  unique curves represent ing  t h e  
It i s  suspected t h a t  a t  s u f f i c i e n t l y  l a r g e  W / t  
With respect t o  tubes having s i m i l a r  w a l l  th ickness ,  energy absorp t ion  
The square cross s e c t i o n  tubes e x h i b i t  lamina bending o r  a combined 
b r i t t l e  f r a c t u r e  and lamina bending mode coupled w i t h  laminate  t e a r i n g  a t  t h e  
corners  o f  the  tubes, as shown i n  f i g u r e  3. F igu re  5 shows photomicrographs 
o f  t h e  crushed tube c ross  sect ions.  As seen f o r  a l l  [+451 tubes, t h e  pre- 
dominate crushing mode i s  a lamina bending mode w i t h  t h e  fo rmat ion  o f  a cen te r  
crack. As W / t  r a t i o  increases, l e s s  b r i t t l e  f r a c t u r i n g  occurs and f o r  a W/t= 
125 t h e  1-1451 tubes e x h i b i t s  most ly a lamina bending mode. As t h e  number o f  
p l i e s  increases, t h e  tubes s t i l l  e x h i b i t  t h e  fo rma t ion  of a center  crack,and 
secondary i n t e r l a m i  nar cracks a re  formed between o t h e r  p l i e s .  
t h e  number o f  p l i e s  increases more b r i t t l e  f r a c t u r i n g  occurs. 
f r a c t u r i n g  occurs, t h e  energy-absorpt ion c a p a b i l i t y  increases u n t i l  a maximum 
va lue  i s  reached, as p r e v i o u s l y  described. As W / t  f u r t h e r  decreases more 
secondary i n t e r l a m i n a r  cracks are  formed which r e s u l t s  i n  a reduc t i on  i n  l o c a l  
bending s t i f f n e s s  and a decrease i n  energy-absorpt ion c a p a b i l i t y .  
F o r  t h e  t e s t s  conducted i n  t h i s  study, square c ross  s e c t i o n  G r / E  tubes 
were no t  geomet r ica l l y  scalable.  That i s  f o r  a g iven  W / t  r a t i o ,  tubes w i t h  
d i f f e r e n t  widths and w a l l  th icknesses, m u l t i p l e  energy-absorpt ion c a p a b i l i t i e s  
e x i s t .  Th is  d i f f e r e n c e  i n  energy-absorpt ion c a p a b i l i t y  i s  r e l a t e d  t o  t h e  
changing o f  the c rush ing  modes e x h i b i t e d  by t h e  d i f f e r e n t  geometry tubes. 
The non-scal abi 1 i ty o f  G r / E  square c ross -sec t i on  tubes i s  cons i s ten t  w i t h  
r e s u l t s  reported by Far ley ,  reference 6, f o r  c i r c u l a r  c ross -sec t i on  G r / E  
tubes. 
Furthermore, as 
As more b r i t t l e  
Kevlar/Epoxy Tube Specimens 
The energy-absorption c a p a b i l i t y  o f  K/E square cross s e c t i o n  tube spec i -  
mens i s  a non l inear  f u n c t i o n  o f  tube W / t  r a t i o .  F i g u r e  6 shows t h i s  t r e n d  fo r  
four d i f f e r e n t  i n t e r n a l  w i d t h  and t h r e e  d i f f e r e n t  w a l l  t h i ckness  tube con- 
f i g u r a t i o n s .  
f u n c t i o n  s i m i l a r  t o  t h a t  descr ibed i n  re fe rence 6 f o r  c i r c u l a r  cross s e c t i o n  
tubes. 
t o  t h e  reduced i n t e r l a m i n a r  c rack ing  and t h e  b u c k l i n g  l oad  o f  an equ iva len t  
edge supported p la te .  
buck1 i n g  l oad  c h a r a c t e r i s t i c  of edge supported p la tes .  
Energy-absorption t rends  correspond t o  a s i n g l e  non l i nea r  
The increase i n  energy absorp t ion  w i t h  decreasing W / t  r a t i o  i s  r e l a t e d  
Th is  energy-absorpt ion t r e n d  i s  cons i s ten t  w i t h  the  
4 
A l l  o f  t h e  K/E specimens crushed i n  a p rogress ive  l o c a l  f o l d i n g  manner, 
as shown i n  f i g u r e  7, s i m i l a r  t o  that  descr ibed i n  re fe rence 6 f o r  c i r c u l a r  
c ross-sec t iona l  K/E tube specimens. The buck le wave l e n g t h  i s  a f u n c t i o n  o f  
tube geometry (w id th  and w a l l  th ickness) .  U n l i k e  r e s u l t s  repor ted  i n  r e f e r -  
ence 3, no uns tab le  crushing modes occurred, and t h e  beveled c rush ing  i n i t i -  
a t o r  worked i n  a l l  cases. The undulat ions i n  t h e  c rush ing  fo rce  were a 
f u n c t i o n  o f  W / t  r a t i o s .  The g rea te r  the W / t  r a t i o  t h e  sma l le r  t h e  undu la t i ons  
i n  t h e  c rush ing  f o r c e  as shown i n  f i g u r e  8. 
For  t h e  t e s t s  conducted i n  t h i s  study, square c ross-sec t ion  K/E tubes 
are  geomet r i ca l l y  scalable.  
d i f f e r e n t  w id ths  and w a l l  th icknesses have comparable energy-absorpt ion 
c a p a b i l i t y .  Th is  r e s u l t  i s  cons is ten t  w i t h  r e s u l t s  repor ted  by Far ley ,  
re fe rence 6 ,  f o r  c i r c u l a r  cross sect ion K/E tubes. 
That i s  f o r  a g iven W / t  r a t i o ,  tubes w i t h  
CONCLUDING REMARKS 
S t a t i c  c rush ing  t e s t s  were conducted on square c ross-sec t ion  Gr /E  and 
K/E tube specimens. Four d i f f e r e n t  tube w id ths  and t h r e e  d i f f e r e n t  w a l l  
th icknesses  were i n v e s t i g a t e d  f o r  each ma te r ia l .  
these t e s t s  t h e  f o l  low ing  conclus ions can be drawn: 
Based upon the  r e s u l t s  o f  
Both G r / E  and K/E tubes e x h i b i t  a non l i nea r  r e l a t i o n  between tube W / t  
r a t i o  and energy-absorpt ion c a p a b i l i t y .  
w i t h  decreas ing W / t  r a t i o .  Changes i n  c rush ing  modes occurred f o r  G r / E  tubes 
hav ing W / t  r a t i o s  o f  between 20 and 50, r e s u l t i n g  i n  a decrease i n  energy- 
abso rp t i on  c a p a b i l i t y  as W / t  decreased. Both G r / E  and K/E tubes crushed i n  a 
p rog ress i ve  and s t a b l e  manner. 
sca l  ab1 e whereas G r / E  tubes were not  general l y  scalable.  
Energy absorp t ion  genera l l y  increased 
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